Solid-state (SS)NMR techniques were applied to characterize the atomic-scale structures of ordered mesoporous carbon (OMC) materials prepared using Pluronic F127 as template with resorcinol and formaldehyde as polymerizing precursors. A rigorous quantitative analysis was developed using a combination of 13 C SSNMR spectra acquired with direct polarization and cross polarization on natural abundant and selectively 13 C-enriched series of samples pyrolyzed at various temperatures. These experiments identified and counted the key functional groups present in the OMCs at various stages of preparation and thermal treatment. The chemical evolution of molecular networks, the average sizes of aromatic clusters and the extended molecular structures of OMCs were then inferred by coupling this information with the elemental analysis results.
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INTRODUCTION
Since their discovery almost two decades ago [1, 2] , ordered mesoporous carbon (OMC) materials have drawn great interest due to the robustness, chemical inertness, low density and high accessibility of their frameworks [2] [3] [4] [5] [6] . Potential applications of OMCs in drug delivery [7, 8] , energy storage [9] , sensors [10] , separations [11] , and catalysis [12] have motivated studies of their structures and properties, as well as efforts toward the development of increasingly efficient manufacturing methods.
Commonly employed characterization techniques for OMCs include X-ray diffraction (XRD), smallangle X-ray scattering (SAXS), thermogravimetric analysis (TGA), transmission electron microscopy (TEM), scanning electron microscopy (SEM), and nitrogen physisorption [6, [13] [14] [15] [16] . The resulting information relates to important structural properties of OMCs on the mesoscopic and microscopic levels, such as spatial arrangement of mesopores, unit cell parameters, specific surface area, and pore width distribution.
The chemical properties and performance of these materials, however, are governed by their atomicscale structure, which has been much less studied. Notable efforts included works by Zhao et al. and Dai et al., who monitored the structural evolution of the OMC materials, derived from phenol-formaldehyde resins and triblock copolymer templates, during the synthesis and pyrolysis using elemental analysis, TGA, Fourier transform infrared spectroscopy (FTIR), and 13 C solid-state NMR (SSNMR) [15, 17, 18] .
These studies identified the key functional groups present in OMCs at various stages of preparation and thermal treatment; however, they did not include precise identification of the molecular structures or the underlying reaction mechanisms. Kim et al. [19] and Jiang et al. [20] on the other hand, studied the structural evolution of non-templated phenol-formaldehyde resins upon pyrolysis. The pyrolysis mechanisms and the resulting polycyclic aromatic structures were deduced based on combinations of FTIR [19, 20] , TGA [19] , elemental analysis [19] , and gas chromatography mass spectroscopy (GC-MS) [20] .
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Here, we set out to refine the understanding of the structural evolution of OMC materials through rigorous quantitative SSNMR analysis of their atomic-scale structures following pyrolysis at temperatures between 300˚C and 900˚C. The materials were prepared using Pluronic F127 as a template and resorcinol and formaldehyde as precursors, and their mesoscale structural properties were determined by XRD, TEM and nitrogen sorption methods. The 13 C chemical shift information was obtained from the SSNMR spectra measured on samples prepared with natural abundance and 13 Cenriched formaldehyde. To determine the distribution of carbon functionalities in OMCs we used a modified SSNMR approach inspired by the previous studies on coals [21, 22] . The evolution of the extended molecular structures of OMCs pyrolyzed at various temperatures was then inferred by coupling this information with the elemental analysis results.
EXPERIMENTAL SECTION
Reagents. Deionized water (18 MΩ•cm resistivity) was generated in-house using a Barnstead e-pure purification system. Formaldehyde, 13 C-labeled formaldehyde (99% 13 C), Pluronic F127, resorcinol (>99% pure), cyclohexane (>99% pure), and hydrochloric acid (concentrated) were purchased from Sigma Aldrich. Ethanol (absolute, 200 proof) was purchased from Decon Laboratories. All reagents were used as received without further purification.
Synthesis of OMCs.
The samples were synthesized following the previously published method [18] .
Pluronic F127 was used as template with resorcinol and formaldehyde as polymerizing precursors in acidified ethanol. Typically, absolute ethanol (4.5 mL) and HCl (3.0 M, 4.5 mL) were mixed, followed by sequential addition of Pluronic F127 (1.1 g), resorcinol (1.1 g, 10 mmol), and formaldehyde (1.3 g, 16 mmol). The mixture was stirred at room temperature for ca. 40 min and then transferred to a 15 mL centrifuge tube to separate the aqueous layer from a thick gel at 10000 rpm for 15 min. The gel was cast onto a petri-dish and dried at room temperature overnight. The resultant product was subsequently cured at 80 ˚C and subsequently at 120 ˚C for 24 h each.
The same procedure was used to prepare the 13 C-enriched samples, except for using 13 C-labeled formaldehyde. The amounts of all components were adjusted to maintain the overall resorcinol/F127/formaldehyde weight ratio as in the original synthesis.
All cured samples were pyrolyzed under N 2 flow for 6 h at either 300 °C, 400°C, 500 °C, or 900 °C, Nitrogen Sorption Isotherms. Nitrogen sorption isotherms were measured on a Micrometrics Tristar 3000 surface area and porosity analyzer at liquid nitrogen temperature (-196 ˚C) . Before analysis, the samples were degassed at 100 ˚C for 6 hours under the flow of N 2 (100 sccm). The specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) method [23] and the pore size distribution plots were derived based on the Barret-Joyner-Halenda (BJH) model [24] .
Elemental Analysis. Elemental analyses were performed on a Perkin Elmer 2100 Series II CNH/S (carbon, nitrogen, hydrogen and sulfur) analyzer, with acetanilide as an internal standard. Combustion and reduction temperatures were set at 925 ˚C and 640 ˚C, respectively. Prior to analysis samples were dried at 100 °C under vacuum for 12 h and then kept under vacuum at room temperature. Because the synthesis did not involve any sources of sulfur and nitrogen, the instrument was not configured to quantify sulfur. The nitrogen content was measured by default in the standard configuration, however, all samples yielded negligibly small values of ≤ 0.12 wt%. The weight percentages of oxygen were calculated from the difference between the total mass and the mass of carbon and hydrogen. All samples M A N U S C R I P T A C C E P T E D The experimental parameters are given in the figure captions using the following notation: ν R denotes the MAS rate, τ R is the rotor period (τ R = ν R -1 ), τ CP is the contact time during CP, ν RF ( 1 H) and ν RF ( 
RESULTS AND DISCUSSION
The paper is organized as follows. In the section below we report the nano-and mesoscale structural properties of prepared OMCs derived from TEM, XRD and nitrogen sorption analysis. A discussion of
C SSNMR spectra is then presented, and followed with the description of our approach for estimating the relative concentrations of carbon functionalities. In the last two sections, we discuss the evolution of extended molecular networks in OMC300, OMC400 and OMC500 materials and propose their average molecular structures.
Textural Characterization. The mesoporous character of OMCs is evidenced by the type IV N 2 sorption isotherms with sharp condensation steps at P/P 0 of 0.5 to 0.6 ( Figure S1a in SI) . The ordered structure of these mesopores is demonstrated in the corresponding TEM images ( Figure 1 ) and XRD patterns ( Figure S1c in SI). The specific surface areas (S BET ), total pore volumes (V BJH ), pore widths (w BJH ), spacings between the pores (d(100)) derived from the XRD patterns, wall thicknesses, and elemental analyses data for all OMC materials are summarized in Table 1 . Whereas increasing the carbonization temperature has led to larger surface areas and pore volumes, it also shifted the mesopore width distributions to lower values (Table 1 and Figure S1b in SI). Estimation of the unit cell parameters from the sharp reflections at 2θ < 1° indicates shrinking of the mesoporous framework with pyrolysis temperature [25] , and is consistent with the pore width contraction. In addition to the intense reflection corresponding to the (100) plane of the 2D hexagonal pore array, OMC300 and OMC400 display two higher order reflections assigned to the (110) and (200) planes confirming the p6mm symmetry of the mesopores [15, 25] . These reflections are hardly observed in OMC500 and absent in OMC900, suggesting that increasing carbonization temperatures are detrimental to the mesostructure of the materials. The observed reorganization of the mesoscale order, framework shrinking, and increased formation of micropores is caused by changes in the molecular structure of the materials induced by pyrolysis, and evolution of gaseous byproducts including H 2 , H 2 O, and CO 2 [18] as discussed below.
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7 Figure 1 . TEM images of (a) OMC300, (b) OMC400, (c) OMC500 and (d) OMC900. Scale bar is 100 nm for all images. Images represent regions of samples that were exposed to no or minimal beam damage. Table 1 . Structural properties of OMC materials carbonized at different temperatures. . In the case of OMCs, uniform excitation of carbons by CP can be particularly difficult to achieve because of the low hydrogen content and the influence of paramagnetic interaction, which accelerates the so-called relaxation [27] . The DPMAS experiment, on the other hand, can result in uniform excitation of all 13 C nuclei and thus yield a quantitative spectrum, but requires a long recycle delay to allow for full recovery of thermal equilibrium of 13 C spins. These features are on display in Figures 2 and S2. Indeed, the CPMAS measurements were 10-30 times faster and yielded better signal-to-noise ratio than DPMAS, which required long recycle delays of 30-45 s to assure quantitative accuracy of the spectra. However, in spite of using a long CP contact time (τ CP = 1.5 ms), the CPMAS method discriminated against non-protonated carbons in the larger clusters of aromatic rings. Thus, we will use both sets of spectra for peak assignment, structural analysis and relaxation measurements, but rely on DPMAS for accurate relative peak intensities (vide infra). 
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The DPMAS spectra of non-carbonized materials prepared from naturally-abundant formaldehyde (OMC80 and OMC120 in Figure 2a ) feature resonances at δ 13C = 70 and 16 ppm, marked with dotted lines, representing the methylene and methyl groups in the residual molecules of the template (Pluronic F127) remaining inside the pores [28, 29] . These resonances are partly suppressed in the corresponding CPMAS spectra ( Figure S2a in SI) due to motions of template molecules in the kHz range. Also present in these spectra are resonances assignable to low-temperature products of resorcinol-formaldehyde polymerization, including a peak at δ 13C ≈ 150 ppm due to phenolic carbon (dashed line), several peaks in the 110-140 ppm region representing aromatic carbons C2, C4, C5 and C6 shown in Figure 3 , and resonances at δ 13C ≈ 24 and 28 ppm discussed in the paragraph below [30] . Chemical shift information for resorcinol and formaldehyde are included in the supplemental information (S7).
The DPMAS and CPMAS measurements on the equivalent 13 C-enriched samples (OMC80 13C and OMC120 13C ) selectively highlighted carbon linkages between the aromatic rings, as the isotope enrichment was applied exclusively to formaldehyde. The resulting spectra are dominated by partly resolved peaks centered at δ 13C ≈ 24 and 28 ppm (solid lines), assigned to Ar-CH 2 -Ar links between the resorcinol aromatic rings. The more intense resonance at 28 ppm corresponds to linkages connecting carbons C4-C4, C4-C6, and C6-C6, whereas the position of the weaker peak matches well with the chemical shift of 24 ppm expected for C2-C4(6) pairs (note that C4 and C6 are equivalent) [30] . We did not observe a peak near 18 ppm expected for C2-CH 2 -C2 links [30] , or the resonances expected for single C5-CH 2 -C4(6) and C5-CH 2 -C5 links, expected at δ 13C ≈ 36 ppm and 40 ppm [31] , respectively.
We did not find literature data for the chemical shift corresponding to C5-CH 2 -C2, although such link is less likely to form due to the low reactivity of C5. However, our spectra do support the presence of two -CH 2 -links between adjacent resorcinol aromatic rings. Based on the 13 
, contrary to what has been proposed in ref [19] ). prominently in the spectra of OMC80, OMC120 and OMC300, becomes comparatively weaker in OMC400 and OMC500, indicating loss of oxygen-bound aromatic carbons. The spectra of OMC300 13C , OMC400 13C and OMC500 13C (Figure 2b and S2b) show an increase in the aromatic peak intensity at the expense of the aliphatic carbons (see Table 2 ), which is also consistent with the progressing polycyclization [19, 20] , and a peak centered at ~15 ppm, indicating the appearance of methyl groups.
These observations suggest methylene disproportionation into aromatic and methyl carbons as the framework rearranges at the molecular level:
We finally note that the sample pyrolyzed at 900 ˚C (OMC900) was not amenable to SSNMR investigation. To spin this sample under MAS, we had to dilute it with powdered sulfur in a 1:10 ratio, which implied that the sample is highly conductive [33] . Even then, however, we were unable to spin it M A N U S C R I P T
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11 at above 6 kHz (in a 5-mm rotor) and could not elicit any measurable 13 C signal neither in DPMAS nor CPMAS experiments performed at 9.4 T. This failure can be attributed to a combination of several factors. First, the ~10-fold decrease in the number of observable nuclei due to dilution would necessitate the use of ~100 times longer data acquisitions to match the spectral quality of other samples. Second, the use of MAS at 6 kHz must have produced strong spinning sidebands, spaced by 60 ppm, which partly overlapped with the centerbands, as well as each other, further degrading sensitivity and resolution. Third, these sidebands could be additionally broadened by the magnetic susceptibility effects, often observed in carbon graphite-like materials heated at high temperatures [34] . Finally, the CPMAS intensity was additionally reduced due to low 1 H content (10.8 at%) in OMC900. C-enrichd samples. In the case of OMC300 13C , we divided the intensity of the aliphatic peak by 90, to account for the 99% 13 C enrichment (note that natural 13 C abundance is 1.1%).
SSNMR: Quantitative
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Both spectra yielded the same result (F al = 0.09 and F ar = 0.91), as expected given that 13 C enrichment did not significantly affect the aromatic intensity at this temperature. However, polycyclization did occur at temperatures above 300 ˚C, rendering the aliphatic intensity of OMC400 and OMC500 too low to be reliably estimated. Instead, we used the spectra of OMC400 13C and OMC500 13C to determine the fraction of 13 C nuclei that became aromatic due to ring condensation. By doing so, we were able to estimate the F al vales for OMC400 and OMC500 at 0.04 and 0.03, respectively. These results are summarized in Table 2 The most common technique for spectral editing of 13 C CPMAS spectra is referred to as dipolar C-H dephasing [35] , and has been used extensively to differentiate non-protonated carbon functionalities at low magnetic fields (<9.4 T) under slow MAS. However, modern spectrometers operate at magnetic fields of at least 9.4 T, and thus require faster MAS to reduce the number and intensity of the spinning sidebands. Unfortunately, the dipolar dephasing method fails at MAS rates exceeding 5 kHz due to accelerated rotational recoupling of C-H dipolar interactions, which interferes with the dephasing process [36] . To circumvent this drawback, we proposed to take advantage of different responses of these carbons to MAS-synchronized spin-echo refocusing ( ′ T 2 relaxation) [36] . In this earlier study, the experiment was carried out under fast MAS (40 kHz), and exploited a simple spin-echo pulse sequence The shortcoming of this approach is, however, that a series of DPMAS spectra with different values of τ must be collected for each sample to reliably fit the spin-echo decay. In consideration of the fact that in OMCs such spectra must be acquired with a delay of 45 s, making each experiment very timeconsuming with a fast MAS 1.6-mm rotor, we proposed to further modify the above strategy by using a 5-mm MAS probe by Chemagnetics with ~20 times larger rotor capacity. This can offer a substantial sensitivity advantage, provided that MAS at 10 kHz is sufficient to differentiate 2 T ′ relaxation of protonated and non-protonated carbon sites ( ′ T 2ar H and ′ T 2 ar N , respectively). To test this assumption, we carried out the measurements on a known compound, trimethoxy benzene (TMOB), which indeed confirmed the validity of the method (see Figures S3 and Table S3 in SI). 
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where X = H, N, and O. The results are summarized in Table 2 , where the relative carbon intensities As a cross-check, for samples OMC300 and OMC500 the relative atomic concentrations of carbon and oxygen from Table 2 agree well with the results of elemental analysis given in Table 1 (Table 2 ) and the results of elemental analysis (Table 1 ), the chemical reactions that lead to their formation of OMCs as well as their average molecular structures can now be considered.
Chemical Evolution of Molecular Networks. Table 2 Clearly, the data contained in Tables 1 and 2 should not be matched to a single molecular unit.
Indeed, previous studies have amply demonstrated that pyrolysis of carbonaceous materials inevitably leads to a distribution of structural topologies, composed of various interconnected clusters of aromatic rings [37] [38] [39] . For example, Wornat et al. identified over 60 different species in their extensive analysis of volatile products of the pyrolysis of catechol [37] , the majority of which were also observed in the M A N U S C R I P T
17 coal products [40] . The molecular evolution of OMCs is also complex, but some of the key chemical reactions leading to their formation can be deduced from our quantitative analyses.
OMC80 and OMC120. The 13 C spectra of OMC80 13C and OMC120 13C (Figure 2b ) revealed that virtually all of the formaldehyde carbons were converted to methylene groups at temperature below 80 °C, forming either one or two -CH 2 -links between adjacent six-membered rings, as discussed earlier and shown in Figures 6 and 7 , respectively. The presence of two links is proposed because (i) the observed F al values are higher than expected for linear structures (Figure 6 ), (ii) the initial reaction involved 1 : 1.6 molar mixture of resorcinol and formaldehyde (we should note, however, that some undetermined amount of formaldehyde was likely lost during the reaction due to evaporation), and (iii) their presence is consistent with the chemical shifts observed in the spectra of OMC80 13C and OMC120 13C (vide supra). 
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18 OMC300. The 13 C spectra of OMC300 and OMC300 13C showed that the structural changes upon pyrolysis at 300 ˚C include increased carbon aromaticity (see Table 2 ), the onset of incorporation of 13 C-labeled atoms into the aromatic structures, and the appearance of methyl groups. In view of these findings, we conclude that the aromatic ring condensation reactions initiate below 300 °C, most likely leading to the formation of three-membered aromatic clusters according to Figure 8 : Figure 8 . Formation of three membered aromatic cluster.
The formation of methyl groups most likely involves radical species, as proposed in Figure 9 : Figure 9 . Formation of methyl groups at 300 ˚C [20] .
Note that the presence of free radicals in OMC300, OMC400 and OMC500 was confirmed by the EPR spectroscopy ( Figure S6 in SI). The high F ar O value in OMC300 is mainly due to carbons associated with the hydroxyl groups, although initiation of the reactions presented in Figure 10 below, such as the formation of phenol ether links, Ph-O-Ph, cannot be excluded. To account for these changes, we postulate a series of reactions shown in Figure 10 : Figure 10 . Formation of phenyl ether links, 5-membered rings and biphenyl species in OMC formed at pyrolysis temperatures above 300 ˚C [20] .
Note that these reactions are consistent with the observed chemical shifts, and that the last two involve radical intermediates. Finally, in the spectra of OMC400 and OMC500 the relative aliphatic intensity become further reduced, to 4% and 3%, respectively, which is accompanied by increased incorporation of 13 Average Molecular Structures of OMCs. The structural frameworks of OMC300, OMC400 and OMC500 materials resulting from pyrolysis of the resorcinol-formaldehyde polymer are expected to be composed of a variety of interlinked species described above. Based on the distribution of carbon functionalities in Table 2 , the average sizes of aromatic clusters in OMC300, OMC400 and OMC500
are close to 2, 3 and 4 respectively, however, each sample undoubtedly contains a wide distribution of molecular units. For example, based on Figures 6 through 9, it appears unlikely that OMC300 contains any 2-ring structures, and instead is primarily composed of interconnected single-ring and triple-ring structures. Figure 12 shows the representation of an average structure proposed for OMC500, constructed such that it is consistent with the spectroscopic results, elemental analysis data and the chemical transformations described above in this study. (Table 1 ) and quantitative measurements of carbon functionalities by SSNMR (Table 2 ).
We finally note that pyrolysis at temperatures above 500 °C results in further polycyclization.
Although we could not elicit NMR signals from the OMC900 material, the results of elemental analysis M A N U S C R I P T
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indicate that it must be composed of large aromatic clusters containing on average >200 aromatic rings.
The polycyclization results in the contraction of the OMCs' molecular structure, which is reflected by the reductions of the unit cell size, pore width and wall thickness, and the corresponding increases of surface areas and total pore volumes (Table 1) .
CONCLUSION
SSNMR techniques were combined with elemental analysis and textural characterization to ascertain the atomic-scale structures of OMC materials prepared using Pluronic F127 as template with resorcinol and formaldehyde as polymerizing precursors. Analysis of 13 C DPMAS and CPMAS spectra of natural abundance and isotope enriched samples provided quantitative distribution of carbon functionalities at various stages of pyrolysis and offered valuable insights into the pyrolysis mechanisms. Some of the important findings are as follows: (1) the formaldehyde carbons were fully converted to -CH 2 -links between adjacent six-membered rings at temperature below 80 °C, (2) the structural changes upon pyrolysis include the formation of methyl groups (below 300 °C), gradual incorporation of aliphatic carbons into aromatic structures (advanced at temperatures above 300 °C), and the formation of polycyclic aromatic substructures via a series of deoxygenation and radical reactions, and (3) the average sizes of aromatic clusters in OMC300, OMC400, and OMC500 are close to 2, 3 and 4 respectively, whereas OMC900 comprises a highly carbonized aromatic network composed of much larger clusters. As we have noted throughout this study, each of the studied materials contains a distribution of molecular units. Likewise, the pyrolysis routes proposed here, while consistent with the experimental data and differing from some of the earlier studies, are undoubtedly simplified. To further refine the understanding of the underlying reaction mechanisms, the proposed methodology can be combined with TGA and GC-MS, and applied to an expanded set of temperature values. 
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S6. Continuous Wave Electron Paramagnetic Resonance (cwEPR).
With the concern that radicals may be present in OMC materials due to the thermal treatment, The cwEPR spectra were taken of OMC300, OMC400, and OMC500. In order to obtain trustable spectrum, for each sample, two EPR tubes were prepared with the same amount of sample. And, when taking the spectrum, tube was carefully placed in the same position of the resonator cavity. Figure S6 . The CW X-band room temperature EPR spectra of OMC300 (a), OMC400 (b) and OMC500 (c). All three spectra were taken using the same parameters: microwave frequency is 9.87GHz, power is 6.286mW, sweeping width is 500.0G, center field is 3500.00G. The spectrometer is Bruker ELEXYS E580 FT-EPR with ER 4122 SHQE resonator. 
